In e + e − collisions, the integrated luminosity is generally measured from the rate of low-angle Bhabha interactions e + e − → e + e − . In the published LEP results, the inferred theoretical uncertainty of ±0.061% on the predicted rate is significantly larger than the reported experimental uncertainties. We present an updated and more accurate prediction of the Bhabha cross section in this letter, which is found to reduce the Bhabha cross section by about 0.064%, and its uncertainty to ±0.037%. When accounted for, these changes modify the number of light neutrino species (and its accuracy), as determined from the LEP measurement of the hadronic cross section at the Z peak.
Introduction
The Large Electron-Positron (LEP) collider was operated at CERN between 1989 and 2000, and delivered e + e − collisions to four experiments, at centre-of-mass energies that covered the Z resonance, the WW threshold, and extended up to √ s = 209 GeV. The first phase (LEP1), at and around the Z pole, provided a wealth of measurements of unprecedented accuracy [1] .
In particular, the measurement of the hadronic cross section at the Z peak, σ 0 had , has been used to derive the number of light neutrino species N ν from
where R 0 is the ratio of the hadronic-to-leptonic Z branching fractions; the correction δ τ −2.263 × 10 −3 [2] accounts for the effect of the τ mass on the Z → τ τ partial width; and (Γ νν /Γ ) SM is the ratio of the massless neutralto-charged leptonic Z partial widths predicted by the Standard Model (SM). The combination of the measurements made by the four LEP experiments [1] led to: N ν = 2.9840 ± 0.0082,
consistent within two standard deviations with the three observed families of fundamental fermions. 1 This observable is directly affected by any systematic bias on the integrated luminosity through σ 0 had . Indeed, the integrated luminosity uncertainty dominates the uncertainty on σ 0 had , and is the largest contribution to the N ν uncertainty. For example, collective beam-induced effects were recently discovered to produce a bias of almost −0.1% on the LEP integrated luminosity, and thus to increase the number of light neutrino species by δN ν = +0.0072 ± 0.0004 [4] .
At LEP, the luminosity was determined by measuring the rate of the theoretically well-understood Bhabha-scattering process at small angles, e + e − → e + e − , in a set of dedicated calorimeters (LumiCal), possibly completed with tracking devices, situated close to the beam axis on each side of the interaction region. The Bhabha events were selected with a "narrow" acceptance on one side and a "wide" acceptance on the other, defined as shown in Table 1 for the LumiCals used during the LEP 1 phase between 1990 and 1995. Such an asymmetric acceptance strongly damps the sensitivity to effects that tend to modify the measured acollinearity distribution of the outgoing electrons and positrons: photon emission from initial-state radiation or beamstrahlung, position or energy spread at the interaction point, misalignments, etc. Table 1 : Wide and narrow acceptance for first-and second-generation LumiCals of the four LEP experiments. The periods where these devices were operated are also indicated. The ALEPH LCAL numbers are only indicative, as the fiducial acceptance followed the (square) detector cell boundaries, instead of specific polar angle values. The detector emulation used in this paper includes this subtelty.
Expt / LumiCal
Period Narrow Wide (mrad) (mrad) ALEPH LCAL [5] 01/90 → 08/92 57 -107 43 -125 DELPHI SAT [6, 7] [12] 01/93 → 12/95 32.0 -54.0 27.0 -65.0 OPAL SiW [13] 01/93 → 12/95 31.3 -51. 6 27.2 -55.7 Any precision improvement in the prediction of the Bhabha cross section in the LumiCal acceptance would translate in a more accurate determination of the integrated luminosity, and therefore of the number of light neutrino species. The LEP experiments consistently evaluated the Bhabha cross section and their event selection efficiency with the Monte-Carlo event generator BHLUMI [14, 15] in different versions (Table 2) , with the following caveat. Until the end of 1992, ALEPH [16] , DELPHI [17, 18] , and L3 [8] corrected for the Z exchange contribution with event re-weighting obtained from the BABAMC generator, while OPAL [19] scaled their 1990-92 luminosity values to the BHLUMI 4.04 predictions in their last publication. The corresponding theoretical uncertainties on the quoted integrated luminosity, typically 0.20-0.30% with BHLUMI 2.01 in the first-generation LumiCals, and 0.061% with BHLUMI 4.04 in the second-generation LumiCals, are also indicated in Table 2 . The uncertainty breakdown is displayed in Table 3 .
The theoretical progress made between versions 2.01 and 4.04 of BHLUMI include an improved implementation of the Z exchange diagram contribution (improved with respect to BABAMC as well) [21] ; and a better estimate [22, 23] of the vacuum polarization in the t-channel photon propagator, instead of that of Ref. [24] in version 2.01. In addition, the main QED matrix element of BHLUMI 4.04 includes non-soft O(α 2 L 2 e ) corrections, with L e = ln(|t|/m 2 e ) due to photons, absent from BHLUMI 2.01, while BABAMC implements pure O(α) only, without exponentiation. Further progress has been made since and will continue steadily [25] . For example, for the last three years in OPAL, the contribution of light fermion-pair production in the reaction e + e − → e + e − X (X = ee, µµ, . . . ), giving rise to final states in configurations which would be accepted by the luminosity Bhabha selection, was evaluated according to Ref. [26, 27] and corrected for in Ref. [13] . This correction reduced the OPAL luminosity uncertainty from 0.061% to 0.054%. A similar reduction can be contemplated for the other experiments. The vacuum polarization was recently re-evaluated [30, 31, 32, 33] , which potentially further Table 3 : Inspired from Refs. [28, 29, 25] : Summary of the theoretical uncertainties for a typical LEP luminosity detector covering the angular range from 58 to 110 mrad (first generation) or from 30 to 50 mrad (second generation). The total uncertainty is the quadratic sum of the individual components.
LEP Publication in:
1994
0.09% 0.09% 0.015% 0.015% 0.015% 0.015% Z exchange 0.11% 0.03% 0.09% 0.015% 0.090% 0.015% Vacuum polarization 0.10% 0.05% 0.08% 0.040% 0.017% 0.011% Fermion pairs 0.05% 0.04% 0.05% 0.040% 0.010% 0.010% Total 0.25% 0.16% 0.13% 0.061% 0.100% 0.037% reduces the LEP luminosity uncertainty to 0.037% in the second-generation LumiCals, and to 0.10% in the first-generation LumiCals [25] , as summarized in Table 3 .
The effects of these improvements on the integrated luminosities collected by the four LEP detectors are examined in turn in this letter. The Bhabha event selections are first recalled in Section 2, and a brief account of their software emulation is given. The effect of the improved BHLUMI prediction for the Z-exchange contribution is evaluated in Section 3, and that of the most recent estimate of the vacuum polarization in the t-channel photon propagator in Section 4. Light fermion-pair production is studied in Section 5. The combination of these corrections in a global fit of the four LEP experiments is described in Section 6. A short summary is offered in Section 7.
Bhabha event selections
As mentioned in Section 1, Bhabha events were selected at LEP by requiring the presence of two energy deposits (hereafter called "clusters") in the LumiCals. One cluster is required to be detected in the narrow polar-angle acceptance, as defined in Table 1 , while the other must be in the wide polarangle acceptance on the other side of the interaction point. If more than two such clusters are found, only the most-energetic cluster is kept on each side. Let E 1,2 , θ 1,2 , and φ 1,2 be the energies, polar angles, and azimuthal angles of these two clusters. The polar angle θ of the electron (positron) emerging from a Bhabha interaction is defined with respect to the direction of the e − (e + ) beam. The acollinearity and acoplanarity angle ∆θ and ∆φ, defined by ∆θ = |θ 1 − θ 2 | and ∆φ = ||φ 1 − φ 2 | − π|, are expected to be vanishingly small for Bhabha events without non-soft initial state and final state radiation (ISR and FSR).
The Bhabha selection criteria applied by the four LEP experiments to the clustered energies and to the acoplanarity/acollinearity angles are recalled in Table 4 . To emulate these event selections in a quasi-realistic manner, imaginary detectors -inspired from the study carried out in Ref. [29] are defined, consisting of a pair of cylindrical calorimeters, symmetrically located around the beam axis with respect to the interaction point, and covering the physical polar angle ranges of the actual LEP LumiCals. The beams are assumed to be point-like and to collide at the symmetry centre of the two calorimeters. These calorimeters are each divided into several azimuthal segments and radial pads, as in the actual detectors, such that the narrow and wide acceptance limits correspond to pad edges. 2 In a given event (Bhabha or otherwise), photons and electrons produced in the detector acceptance deposit their full energies in the pad they hit, while other particles (muons, neutrinos, pions, ...) are assumed to escape undetected. No shower simulation is attempted, and no energy smearing is applied. Table 4 : Kinematic selection criteria applied to the clustered energies E 1,2 deposited in the two LumiCals, and on the acoplanarity and acollinearity angles between the two clusters, ∆φ and ∆θ. The beam energy is denoted E beam . Some of the selection criteria changed during the LEP 1 era. The periods of validity are also indicated. From 1993 onwards in L3, the smaller cluster energy was allowed to be as small as 20% of the beam energy if the larger one energy exceeded 95% of the beam energy, in order to recover events with energy lost in the gaps between crystals. Also, in the first generation LumiCals (and in L3 over the whole LEP1 period), the clusters were required to be away from the vertical separation between the two halves of the calorimeters. Because the imaginary detectors considered here have no gaps and cracks, these last cuts are not emulated. This choice does not affect the relative cross-section changes studied in this letter. 
Experiment
The pad with the most energetic deposit defines a seed, and the energies detected in pads sufficiently close to the seed (where the "sufficiently close" criterion depends on the LumiCal at stake) are combined into a cluster. The cluster energy is the sum of all pad energies, and the coordinates of the cluster are the energy-weighted averaged (θ, φ) coordinates, summing over all pads in the cluster. Events are selected as displayed in Table 4 using the cluster energies and angles on both sides. The emulation reproduces with a reasonable accuracy the reference cross sections at the Z peak, as published by the experiments. For example, it predicts cross sections of 84.48 nb and 78.74 nb for ALEPH and OPAL in their 1994 configurations, to be compared with the published references of ∼ 84 nb [16] and 78.71 nb [19] , respectively. The absolute cross-section value is, however, of moderate importance for the present study, as only relative changes are evaluated hereafter.
The Z-exchange contribution
In BHLUMI 2.01, used by ALEPH, DELPHI, and L3 until the end of 1992, the Z-exchange contribution to low-angle Bhabha scattering was included in the Born approximation only. The corresponding Feynman diagrams are displayed in Fig. 1 . The O(α) QED corrections to this contribution, included in BABAMC are sizeable (up to ∼ 50%) because of its strong energy dependence around the Z pole. The BHLUMI events simulated at the time in ALEPH LCAL, DELPHI SAT, L3 BGO, and ALEPH SiCAL'92 were therefore reweighted by the BABAMC estimate of this correction. In BHLUMI 4.0x, the QED corrections to the Z contribution have been implemented in several manners in the form of auxiliary weights, of which (i) an emulation of the BABAMC O(α) version, checked to reproduce well the BABAMC prediction; and (ii) a new version with the O(α) YFS exponentiation of Ref. [21] that includes higher-order effects. (An auxiliary weight for the Z contribution as implemented in BHLUMI 2.01 is also available.) The latter, more accurate, implementation was used by all experiments from 1993 onwards, and used by OPAL to rescale their FD luminosity measurements until 1992 in their last publication [19] .
These two implementations are still accessible in the current version of BHLUMI. About 160 million Bhabha events were therefore generated with BHLUMI 4.04 with weights corresponding to each of these two Z-exchange estimates, and simulated in ALEPH LCAL, DELPHI SAT, L3 BGO, and ALEPH SiCAL, as explained in Section 2. The relative difference between the two estimates is displayed in Fig. 2 and in Table 5 , as a function of centre-of-mass energy at and around the Z peak. (The changes in OPAL FD are not included for the reasons explained above.) At the Z peak, the updated Bhabha cross section is up to 0.1% smaller than that used for the published results, for ALEPH LCAL and DELPHI SAT, both with an inner polar angle of ∼ 56 mrad. The difference is five times less in L3 BGO and ALEPH SiCAL'92, because of the smaller inner polar angle of ∼ 31 mrad, therefore yielding a much reduced Z-exchange absolute contribution. These changes are well within the 1994 theoretical uncertainties of ±0.11% (large angle) and ±0.03% (small angle) quoted in Table 3 . The new theoretical uncertainties are evaluated to be ±0.09% and ±0.015%, respectively.
Vacuum Polarization
In small-angle Bhabha scattering, vacuum polarization appears in the t-channel photon propagator dressed with a loop of leptons or quarks, as illustrated in Fig. 3 . The hadronic part is obtained with a combination of experimental cross-section data involving e + e − annihilation to hadrons (called R ratio), and kernels that can be calculated with perturbative QCD. Significant progress was achieved in the past two decades on the experimental determination of the R ratio as a function of the centre-of-mass energy, in particular with recent analyses of the huge samples of hadronic events with ISR collected at Φ and B factories. A summary of the present situation can be found in Refs. [30, 31, 32, 33] . At the time of writing, these progress are only compiled in the momentum-transfer-dependent code of Jegerlehner [37] , used in this letter to evaluate the corresponding changes in the low-angle Bhabha scattering cross section. (Whenever the vacuumpolarization code used in Ref. [33] becomes available, a comparison will be carried out and its outcome reported in a future version of this letter.)
The same 160 million Bhabha events as in Section 3 were used for this purpose, generated with weights corresponding to the vacuum polarization evaluated in 1988 [24] (implemented in BHLUMI 2.0x), in 1995 [22, 23] (implemented in BHLUMI 4.0x), and in 2019 [37] . The relative cross-section modifications (which also include -when relevant -non-soft O(α 2 L 2 e ) QED corrections, implemented in BHLUMI 4.04) are displayed in Table 6 . The updated cross section appear to be smaller than that used for the LEP experiment publications by about 0.04% for the second-generation LumiCals, and by up to 0.065% for the first generation LumiCals, well within the systematic uncertainties evaluated at the time, of ±0.04-0.05% and ±0.08-0.10%, respectively. After correction, the new theoretical uncertainties are estimated to be of the order ±0.011% and ±0.017%. 
Light fermion-pair production
The next outstanding theoretical contributions to the uncertainty on the Bhabha cross section used by the LEP experiments is the effect of additional fermion-pair production. Additional fermion-pair production arises from the e + e − → e + e − ff four-fermion process, where f is either a charged lepton, or a quark, or a neutrino, and which gives rise to final states in configurations that can be accepted by the luminosity Bhabha selection. To estimate this effect with precision, both the real production (with a real ff pair in the final state) and the virtual correction to the e + e − → e + e − process (with a virtual ff loop off the external e ± lines, as displayed in Fig. 4 ) have to be included. Such estimates exist in the literature, either in the ALEPH LCAL acceptance [38] or in the OPAL SiW acceptance [26, 27] , with some approximations. The former considers just the leading correction, with only f = e in the t-channel approximation, and omits the 175 mrad acoplanarity cut of Table 4 . The latter includes all charged leptons (but not the quarks), all Feynman diagrams of Fig. 4 , and all OPAL selection criteria. This estimate was used by the OPAL Collaboration as a correction to the reference Bhabha cross section from BHLUMI 4.04 to determine their 1993-1995 integrated luminosity in their final publication on the matter [13] . These two pioneering analyses are generalized in this letter to the eight angular ranges of Table 1 , the eight sets of selection criteria of Table 4 (four for ALEPH, two for OPAL, and one for DELPHI and L3), eight fermion flavours for the virtual and real contributions (top-quark and neutrino contributions are negligible), and all lowest-order four-fermion diagrams of Fig. 4 for the real contribution.
The real contribution is evaluated for each fermion flavour f with the FERMISV Monte Carlo program [39] , which includes all neutral-current fourfermion diagrams (Fig. 4 ), ISR to first order, FSR from all charged fermions, and QCD corrections for final states with quarks as explained in Ref. [40] . In the generation of all e + e − ff final states, the more energetic electron (positron) must be in the LumiCal physical acceptance, on the side of the interaction point defined by the electron (positron) beam direction. For the e + e − e + e − final state, the other two e ± are required to be at least 0.1 • away from the beam axis, to avoid a pole of the cross section that is not efficiently regularized in FERMISV. This pole is adequately regularized all the way to 0 • in the KORALW Monte Carlo program [41] , which is therefore used to correct the FERMISV e + e − e + e − cross section for the missing phase space. 3 This correction is at the level of 5 to 10% depending on the LumiCal acceptance and the selection criteria.
The virtual contribution is determined at the one-loop level by a simple Monte Carlo simulation code with, as suggested in Ref. [42] :
3 On the other hand, KORALW appears to be inefficient around another cross-section pole where the first e + e − pair is at low angle, and therefore cannot be used to determine the absolute cross section value with an acceptable statistical accuracy in a reasonable time. In a phase space region where both Monte Carlo programs are well behaved, with the first e + e − pair above 3 • and the second pair above 0.1 • , the FERMISV and KORALW predicted cross sections agree within a couple per cent.
where T s , T t , and T st are the s-channel, t-channel, and interference terms of the lowest-order differential Bhabha cross section at a given e + e − centre-ofmass energy √ s and for a given momentum transfer squared t (with both Z and γ exchanges); and the V 2 (x) terms (x = s, t), which include the QED corrections from virtual fermion loops, are taken from Ref. [42] . Initialstate radiation is dealt with by an upgraded version of the REMT package [43] allowing for up to two ISR photons. Four-fermion and Bhabha events are then processed and selected as described in Section 2. The virtual contribution comes out as a negative correction to the lowest-order ISR-corrected Bhabha cross section, providing a delicate cancellation with the real contribution when taken inclusively. When the kinematic selection criteria of Table 4 are applied, however, the sum of the real and virtual contributions results in a small, negative, correction to the Bhabha cross section: the tighter the selection, the larger the correction in absolute value. These corrections are summarized in Table 7 for each LEP experiment as a function of time. They vary from −0.03% to −0.05%. To test the technical validity of the procedure, the results presented in Table 7 were compared to previous estimates [38, 27] . When only the f = e contribution is included in the Bremsstrahlung four-fermion diagrams and in the Bhabha t-channel photon-exchange term, and only the energy cuts are applied, the real and virtual corrections cancel almost exactly: their sum amounts to (−0.47 ± 0.12) × 10 −4 in the ALEPH LCAL acceptance. With a similar setup, a correction of (−1.0 ± 0.5) × 10 −4 had been obtainedboth analytically and with Monte Carlo simulation -in Ref. [38] . Similarly, when all charged lepton (e, µ, τ ) contributions are included (but no quark contribution), the sum of the real and virtual correction amounts to (−4.18± 0.17) × 10 −4 in the OPAL SiW acceptance, with all selection criteria applied. This value is well compatible with the (−4.4±1.4)×10 −4 obtained in Ref. [27] with the same experimental setup, but an entirely different Monte Carlo suite.
These two successful tests allow the technical accuracy of the procedure to be evaluated from the difference between the various estimates, at the level of ±0.2 × 10 −4 . This technical uncertainty is inflated to ±0.6 × 10 −4 to account for the limitations of FERMISV and KORALW in the vicinity of the beam axis for the e + e − e + e − final state. An uncertainty of 20%, i.e., ±0.8 × 10 −4 , is assigned to the contribution of higher-order corrections, leading to a total theoretical uncertainty of about ±0.01%.
Combined fit
It is remarkable that each and every correction presented in the previous sections tends to decrease the low-angle Bhabha cross section with respect to that used by the LEP experiments in their publications. This smaller cross section increases the integrated luminosity, thus decreases the hadronic cross section at all centre-of-mass energies, and leads in turn to a larger number of light neutrino species (Eq. 1). The exact shift is evaluated as explained in this section.
At LEP, data were produced at centre-of-mass energies values from 88 to 94 GeV, clustered around seven values called "Peak−3", "Peak−2", ..., Peak, ..., 'Peak+2", and 'Peak+3". The luminosity-weighted averages of these centre-of-mass energies are indicated in Table 5 . In a first step, the luminosity increase due to the three modified contributions to the Bhabha cross section (Z exchange, vacuum polarization, and light fermion-pairs) is therefore calculated, at each of these seven centre-of-mass energies and for each experiment, as the error-weighted average of the biases displayed in Tables 5 to 7. This average is taken over the 1990 to 1995 period, accounting for statistical uncertainties and year-to-year uncorrelated systematic uncertainties on the recorded luminosities. In this average, the 1990 uncertainties are artificially inflated by a large factor because (i) OPAL increased their 1990 luminosity errors too [19] ; (ii) ALEPH estimated their 1990 luminosities with BABAMC instead of BHLUMI; and (iii) the resonant depolarization method nec-essary to precisely determine the beam energy was not yet available, making the 1990 data not fully appropriate for an accurate lineshape fit.
Between 1991 and 1995, 98.5% of the LEP data were produced at the Peak−2, Peak, and Peak+2 centre-of-mass energies. The small amount of data recorded in 1991 at Peak−3 and Peak−1 on one hand, and at Peak+1 and Peak+3 on the other, are thus combined and merged with the Peak−2 and Peak+2 data, respectively, still with an error-weighted average. This simplification does not change the final result in any relevant manner. The outcome of these first two steps is displayed in Table 8 . Table 8 : Integrated-luminosity relative increase with respect to Ref. [1] , determined for each of the four LEP experiments at the Peak−2, Peak, and Peak+2 centre-of-mass energies, due to the updated evaluations of the Z-exchange, the vacuum polarization, and the fermion-pair production contributions. The beam-induced luminosity increase [4] , as well as the sum of all effects, are also indicated. All entries are in units of 10 −4 . For completeness, the beam-induced effects of Ref. [4] , and the total integrated-luminosity increase with respect to that of the last LEP combination [1] , are also indicated. 4 Each contribution to the luminosity increase is accompanied by a reduction of the theoretical uncertainty as indicated in Table 3 . At each step, the nine Z lineshape parameters -m Z , Γ Z , σ 0 had , R 0 e,µ,τ and A 0,(e,µ,τ ) FB -and the 9 × 9 covariance matrix, are re-evaluated accordingly. Starting from the parameters and covariance matrices given in Table 2 .4 and Table 2 .9 of Ref. [1] for each experiment, the errors on m Z , Γ Z , and σ 0 had are propagated back to the hadronic cross sections at the Peak−2, Peak, and Peak+2 centre-of-mass energies assuming a Breit-Wigner resonance; these hadronic cross sections and their uncertainty are reduced according to the corrected integrated luminosity; the new Breit-Wigner parameters are fit, and updated covariance matrices are obtained, both with and without assuming lepton universality; and the operation is repeated for each contribution to the luminosity increase.
Peak
The updated Z parameters and covariance matrices, obtained after correcting for all effects (including the beam-induced effects reported in Ref. [4] ), are given in Appendix A for each of the four LEP experiments, with and without assuming lepton universality. With these updated parameters, and with the inclusion in Eq. 2 of the most accurate evaluation of (Γ νν /Γ ) SM (predicted to amount to 1.99060 ± 0.00021 from the most up-to-date SM calculations of higher-order corrections to Γ νν and Γ [2] , and the most recent measurements of the Higgs boson and top quark masses [44] ), the number of light neutrino species measured by each LEP experiment is determined to be ALEPH : N ν = 3.0005 ± 0.0122, (4) DELPHI : N ν = 2.9962 ± 0.0163, (5) L3 : N ν = 2.9933 ± 0.0133, (6) OPAL : N ν = 2.9962 ± 0.0128,
including a fully correlated uncertainty of ±0.0032 that comes from the common Bhabha cross-section theory error (±0.0028), the uncertainty on the QED corrections to the Z lineshape (±0.0016), and the uncertainty on (Γ νν /Γ ) SM (±0.0003).
The combination of the four LEP experiments follows the exact same path, at each step, as that written up in Ref. [1] . The combination code was checked to give the same result as in Ref. [1] when starting from the original individual results, up to the last published digit, for all Z parameters, their uncertainties, and their correlations. The combined peak hadronic cross section and the corresponding number of light neutrino species obtained from Eq. 1 evolve as displayed in Table 9 at each step. The updated combined Z parameters and correlations are given in Appendix B, both with and without assuming lepton universality. Some excursion of the correlations between the peak hadronic cross section and the other Z parameters is observed. The other visible change is the slight increase of the Z width from 2.4952 to 2.4955 GeV, as already noticed in Ref. [4] . Finally, it is interesting to note that the increase of N ν due to beam-induced effects is smaller than reported in Ref. [4] (δN ν = +0.0070 instead of +0.0072). This is because the four LEP experiments are now affected by the same theoretical uncertainty, thus reducing OPAL's weight in the LEP combination.
Extensive systematic studies are presented in Ref. [4] for what concerned the beam-induced effects. The corresponding uncertainties are propagated in this letter. Among those, the relative luminosity-increase uncertainties due to the LumiCal acceptance knowledge (±0.2%) and the averaging procedure over the whole LEP 1 period (±0.5%), are common to all contributions, but not correlated among the LEP experiments. The (mostly statistical) uncertainties on the Z-exchange contribution and the light fermion-pair correction are indicated in Tables 5 and 7 . The latter also contains systematic effects arising from the imperfect simulation of the detector granularity and the clustering procedure (which do not affect the Z-exchange and the vacuum polarization contributions). The inclusion of the 1990 data with nominal errors (instead of artificially inflating them by a large factor) changes N ν by less than +0.00001 with the nominal correction, and by −0.00004 if no correction is applied for that year. These changes are not visible with the numbers of digits used in Table 9 . Altogether, the above effects are responsible for an uncertainty on N ν smaller than ±0.0004, already included in the estimate of Table 9 .
Conclusions
The modification of the Bhabha cross section and its uncertainty offered by recent theoretical developments has been quantified for the four experiments operating at LEP at and around the Z pole. The integrated luminosity at the peak has been found to be underestimated by about 0.064%, a bias compatible with the theoretical uncertainty of ±0.061% reported at the time of LEP. When this bias is corrected for -on top of the beam-beam effect correction reported in Ref. [4] -the number of light neutrino species determined by the combined LEP experiments from the invisible decay width of the Z boson is determined to be N ν = 2.9975 ± 0.0074, instead of the PDG value of 2.9840 ± 0.0082 [1, 44] . The hadronic cross section at the Z peak and the Z width are also modified and become: σ 0 had = 41.4737 ± 0.0326 nb, Γ Z = 2.4955 ± 0.0023 GeV.
Correlations between the peak hadronic cross section and the other Z parameters are marginally modified, but no other electroweak precision observable is significantly affected.
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